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ABSTRACT

Liver diseasc is the cause of death for 30,000 Americans every year. For those who suffer from acute liver
failure, transplantation is rarely a viable option. Bioartificial liver devices address this problem by combining live
cells, performing an array of liver-specific functions, with extracorporeal machinery. Most conventional
approaches to bioartificial liver support suffer from two problems: (1) unstable culture configurations and (2) mass
transport limitations. Micropatterning technology can hope to address both of these issues by sandwiching
hepatocytes aligned in rows, to preserve phenotypic function. Rows of cells wouid alternate with hepatocyte-free
areas, creating channels for fluid flow and an efficient transport system. To achieve this goal, hepatocytes must
first be selectively adhered to a single, solid substrate.

The experimental portion of this study focused on obtaining reproducible, selective adhesion of
hepatocytes on a glass substrate with large regions of adhesive and non-adhesive coatings . The 'banded’, circular
surfaces of 5 cm diameter were entirely non-adhesive except for a band of adhesive coating approximately 2 cm
widc. Surface coatings of entirely adhesive or non-adhesive regions were first characterized for their hepatocyte-
surface interaction after exposure to various aqueous solutions (bovine serum albumin, poly-L-lysine, and collagen
type I). The adhesive surface has hydrophilic characteristics allowing adsorption of collagen molecules from an
aqueous solution, and subsequent hepatocyte adhesion, whereas the non-adhesive surface has hydrophobic
properties and remains hepatocyte-free. A reproducible processing technique for obtaining patterns of hepatocytes
was developed and optimized. This was achieved by spin-coating an aqueous collagen type I solution [0.1 mg/mi]
on a ‘banded’ surface at 500 rpm for 25 seconds.  Finally, the morphology and long-term function of the
hepatocytes in this configuration was assessed by overlaying the patterned hepatocytes with a top layer of collagen
gel to mimic sandwich culture. The hepatocytes in the patterned configuration with a gel overlay were found to
function as well as stable, differentiated sandwich cultures. The creation of micropatterns utilizing this
technology can now be attempted.

The actual creation of a micropatterned flow chamber is dependent on some critical design criteria which
can be explored through mathematical modeling. The oxygen distribution and viscous pressure drop were
modeled along a typical microchannel. Furthermore, by limiting these parameters to in vivo values, an optimal

channel length of 0.7 cm and a flow rate of 2.2 x 107 ml/s were obtained. These values are reasonable in terms of
practical implementation.

Therefore. the creation of micropatterned flow device can now be attempted utilizing spin-coating for
selective adhesion of hepatocytes to micropatterns and the resuits of the mathematical model to approximate design

parameters.
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NOMENCLATURE

cross-sectional area of channel [cm’]

oxygen concentration [nmol / mi]

inlet oxygen concentration {nmol / mi]
dimensionless concentration

diffusivity of oxygen in liquid [ cm?/s]

hydraulic diameter [cm]

channel height [cm]

solubility of oxygen in liquid [ nmol/ ml/ mm Hg]

P, at which half-maximal oxygen uptake rate occurs [mm Hg]

half channel width [cm]

channel length in axial direction [cm]

cell density [cells/ cmz]
mechanical pressure [mm Hg]

partial pressure of oxygen [mm Hg]
volumetric flow rate [cm’/s]

constant oxygen uptake rate [nmol/ ml / cm]

Dhup

Reynolds Number =
\Y

Schmidt Number = —l\)i

viscosity [ g/cm/s]

velocity [cm / s]

dimensionless velocity

mean velocity [cm / s]

kinematic viscosity [cmz/s]
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oxygen uptake rate [nmol / s / 109 cells]
maximal oxygen uptake rate [nmol / s / 106 cells]
channel width [cm]

axial coordinate [cm]
dimensionless axial coordinate
radial coordinate [cm]

dimensionless radial coordinate



CHAPTER1I

INTRODUCTION

1.1 Background

The liver has a variety of metabolic and anabolic functions: detoxification, aiding
digestion, regulating blood clotting, protein synthesis, and regenerating its own damaged
tissue. Failure of the liver is the eighth leading cause of disease-related death in the
United States and is responsible for the deaths of 25,000 Americans annually. Those who
suffer from acute liver failure confront an 80% mortality rate whereas those suffering from
chronic liver failure face the third major cause of death between the ages of 25 and 59.
The significant forms of liver disease include viral hepatitis, cirrhosis, gallstones, alcohol-
related disorders, cancer of the liver, and more than 100 different types of liver disorders
in children (Yarmush et al., 1992B).

Liver transplantation is currently the most effective treatment for liver failure. 7
out of 10 recipients survive the first year; however, organ scarcity is a major limitation. In
- 1991, approximately 3000 liver transplants were performed and it is estimated that 375
prospective recipients died while waiting for a transplant. Alternative treatments have
been attempted utilizing a variety of biological, non-biological, and hybrid approaches.
Hemodialysis, hemoperfusion, immobilized enzyme systems, and ion exchange resins have
been employed by a number of investigators with limited beneficial results (Yarmush et
al., 1992B). This mainly because non-biological approaches generally focus on only a few
of the many liver functions. In contrast, biological approaches such as xenograft cross
circulation, exchange transfusion, plasma exchange, and liver tissue hemoperfusion
encounter another class of difficulties related to donor response, immunological reactions,
and surgical complications. Clearly, the necessity of harnessing a full range of liver

functions for patient support exists. To this end, a number of hybrid or bioartificial



approaches have been proposed. The potential solutions can be broadly classified as
hepatocyte-based (i) transplantable and (ii) extracorporeal devices. A variety of
approaches to hepatocyte transplantation have been developed. Cells have been directly
injected in the liver or spleen (Matas et al., 1976, and Mito et al., 1978),
microencapsulated (Dixit et al., 1990), or implanted on some support structure. These
substrates include microcarriers (Demetriou et al., 1986B), and biodegradable polymers
(Vacanti et al., 1988). Although these transplantable devices have had some success in
animal models, the clinical applicability still faces the problems of immunological host
response and transport limitations due to inadequate perfusion. Cyclosporin has eased the
immunological problems at the expense of lifetime immunosuppression and a large
financial burden. Even so, transplantation is unlikely to be a viable solution for acute liver
failure patients. The livers of these patients are undergoing a regenerative process where
the pace of regeneration cannot compete successfully with that of the injury. If the
patients were sustained during this regenerative period, their own livers would fully
regenerate thereby eliminating the necessity for any lifelong treatment. Therefore, the
most viable alternative for these acute liver failure patients is temporary liver support using
an hepatocyte-based extracorporeal device to sustain a full range of liver functions, In
addition, this device would be useful as a bridge to transplantation for potential transplant
recipients. Furthermore, 25 % of liver transplant recipients undergo post-surgical
complications and require a second surgical procedure; these patients are also candidates
for an extracorporeal device.

Extracorporeal devices confront a variety of obstacles which are discussed below
in more detail. In particular, the hybrid device is most dependent on its cellular
components and their performance. Therefore, stable, differentiated cell cultures are

critical to the success of an extracorporeal bioartificial device.



1.2 Hepatocyte Culture
The development of an extracorporeal device requires a stable culture system.
Hepatocytes, the most abundant cells in the liver, are responsible for a large portion of the
liver-specific functions. They are, however, notoriously difficult to maintain in vitro.
When cultured in monolayer cultures they dedifferentiate rapidly and lose adult liver
phenotype within one week of isolation. The hepatocytes detach from the underlying
substrate and die. To address this problem, investigators have developed a number of
methods to sustain differentiated function of primary hepatocytes in vitro. One approach
utilizes a matrix known as Matrigel, derived from Engelbroth-Holm-Swarm tumors, as an
underlying substrate. This culture configuration induces the formation of spherical
aggregates which maintain long-term liver functions (Bissell et al., 1987); however the
introduction of tumor-derived compounds in a clinical setting is unacceptable. In addition,
Matrigel is prohibitively expensive. Other nonadherent substrates also seem to produce
multicellular spheroids with high liver-specific activity (Koide et al., 1990). The clinical
applicability of the latter culture configuration is severely limited because the formation of
these spheroids is completely reversed by the addition of serum to the culture. Other
- investigators have attempted to utilize hormonally-defined medium (Dich et al., 1988)
and medium supplemented with high concentrations of dimethyl sulfoxide (Isom et al,,
1985). Both of these approaches are severely limited in their applicability to
extracorporeal devices by the potential toxic effects of systemic patient exposure to the
components of the media. Yet another approach has included co-culture with a liver-
derived epithelial cell line (Gugen-Guillouzo et al., 1983). Like Matrigel, it is unlikely to
be practically implemented because of its tumorigenic origins.

Recently, in our laboratory, sandwich culture of a monolayer of hepatocytes
between two layers of collagen gel, mimicking the in vivo environment of hepatocytes,
have also been shown to preserve adult liver phenotypic functions in vitro (Dunn et al.,

1991). The sandwich culture configuration is depicted in Figure 1.1. Hepatocytes in vivo
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Figure 1.1. Hepatocytes cultured in collagen gel sandwich configuration. Schematic of
typical protein secretion, bile salt secretion, and urea secretion stability as compared to
cells cultured on single, underlying layers of collagen gel.
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have a belt of apical (bile canilucular) surface that surrounds each cell and divides two
basolateral (sinusoidal) surfaces, each of which is in contact with extracellular matrix
(Yarmush et al., 1992A). The sandwich system introduces the normal cellular polarity in
vitro and produces maintained differentiated function of the cells. Thus, the sandwich
system provides a defined, non-tumoriginic, non-toxic, and relatively simple approach to
the maintaining stable hepatocyte cultures for use in an extracorporeal bioartificial device.
This culture configuration combined with an efficient mass exchanger could then provide

the basis for the development of an extracorporeal bioartificial liver.

1.3 Conventional Approaches to Bioartificial
Extracorporeal Liver Assist Devices

Not only does the development of a bioartificial device require a stable culture system, but
efficient mass transport is also essential to its performance. In fact, the design of most
bioartificial extracorporeal devices is focused on optimal configurations for exchange of
nutrients and proteins. Because of the large metabolic requirements of the liver,
specifically its oxygen uptake, and the low solubility of oxygen in liquids, mass transport
limitations in bioartificial extracorporeal liver devices are especially critical. A variety of
approaches have been taken to maximizing mass transport between hepatocytes, the
functional unit of the liver, and the perfused liquid, including microcarriers, hollow fibers,
monolayer cultures, and cell suspensions. Microcarriers are spherical support structures
with dimensions on the order of 200 um. Approximately 100 hepatocytes are attached to
each microcarrier (Foy et al., 1993). Microcarriers also provide a large surface area in a
relatively small volume and can be configured either in packed arrays or fluid beds.
Packed arrays are hollow column shells filled with microcarriers, whereas fluid beds are
created by fluidizing a bed of microcarriers with fluid flow from below. Hollow fibers, on
the other hand, consist of a shell traversed by a large number of small diameter tubes. The

cells may be placed within the fibers in the intraluminal space or on the shell side in the
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Table 1.1A. In Vitro and Animal Studies Utilizing Extracorporeal Bioartificial Livers?

Author, yr Reactor Configuration Cell Source Number of Dead Volume  Animal Model Duratio Perfusion  Control In vitro Functions In vivo Functions
Cells nof Schedule Experiment
culture
Nyberg, '93 h.f. (100kD cutoff) rat N/R NR N/A 7 days N/A none Vital dye (42%) N/A
FACS (66%)
contracted collagen gel V (12-16 pmolthr)
intraluminal albumin production(20 pg/h)
insulin uptake (50pg/h)
arginine, urea, orthinine prod.
morphology
Rozga,'93 0 h.f (0.2um pore) dog 6 5ml dog none 6-h without trypan blue (90%) reduced ammonia,
60 x 10 hepatocytes after cryopreservation (80%) lactate
collagen- coated microcarriers cryopreserved end-to-side LDH
portocaval shunt porcine increased cyclosporine
plasmapheresis hepatocytes  metabolites increased blood
pressure
extraluminal
Sussman, '92 h.f. (TOkD cutoff) C3A human- 9¢c NR dog 34wk 4248 h none none reduced
derived cell line 154010 prothrombin time,
extraluminal acetominophen 1o normal
human albumin
accumnul.
(0.5 - 6 gmlh)
Shatford, '92 h.f. (100D cutoff) rat 1 168 N/R N/A 7 days N/A }v:’lqt’l:ot:;‘“ V (0.09 nmol/108 cells/s) N/A
contracted collagen gel
albumin production
intraluminal
(0.6 pg/108 cells /h)
amino acid clearance
lidocaine clearance
(0.74 pg/cellh)
Takahashi,'92  cultured monolayers pig & 200 ml anhepatic rabbit 1-7days  15-36h none trypan blue (>90%) survival time
500 <10 gluconeogenesis (24.5vs155h)
collagen coated plates ::l;t::;mﬁ (6 - 10ug/ 108 cells/h)
urea synthesis

(1 pg/ 10° cells/ h)
ammonia removal

(2.3 pg/ 108 cells/h)

2 h £ = hollow fiber;, N/R = not reported, N/A = not applicable, V= oxygen uptake rate
Demetriou, 1986A

€ 200g; assuming (10-13 x10° @ cell ) or cell diamerter 20 pum and p= 1.4 g/ml
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Shnyra, '91 microcarrier rat s l6ml O 1-5days  3-h without trypan blue (80%) survival
Shnyra, 90 fibronectin-coated 50 <10 hepatocytes (60% vs 5%)
D-galactosamine albumin production
G
packed column (4-5 g/ 108 cella/h) é’;{f“;;?mf:'
pre-oxygenated with .
perfluorodecalin bilirubin
Y anagj, '89 rotating disks rat, rabbit 9 80 ml cat none 4h without trypan blue (20-50%) ammonium
L7 «10 hepatocytes removal
cells embedded in alginate portojugular ammonium removal
hydrogel with DMSO shunt, ligation of
hepatic artery urea synthesis
no pl pheresis
Amaout, '90 hf (0.2 pum pore) rat 6 Tml Gunn rat none 34h without trypan blue (30-85%) conjugation of
30-40 <10 hepatocytes 5 uM bilurubin
collagen-coated microcarriers cryopreserved
extraluminal
Uchino, '88 cultured monolayers dog 9 f Mot reported anhepatic dog 1-14 24-65h no glyconeogenesis survival
6 x10 days treatment (110 ng/ug DNA/min) (55 vs 27.8h)
collagen-coated borosilicate
without urea synthesis albumin decline
multiplated hepatocytes (3.6 ng/ug DNA/min) reduced
plasmapheresis albumin production ammonia normal
6
(0120r 12108 cellsh) .o
maintained at
ammonia removal
amino acids not
elevated
decreased bleeding
Demetriou, microcarriers (packed column) rat - 6 10 ml N/A none N/A N/A trypan blue (55-60%) N/A
‘86 160 x10
collagen coated cryopreserved increased ratio of conjugated/
unconjugated bilirubin
albumin production
Jauregui, '84 h.f. (50 kD cutoff) rat not reported N/A N/A 1-18 N/A N/A LDH leakage N/A
days
collagen-coated glucose uptake
extraluminal total protein (30% drop)
P450
d 40% of 4 ml column volume

€ Demetriou et al., 1986A
approximately 80 g
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Kasai, '84

h.f (40 kD cutoff) dog 9 g not reported dog none 1-h on, none trypan blue (85-60%) ammonia removal.
21 <10 1-h off 0.083 py
hepatocyte suspensions (viable cells) D-galactosamine 6-h total ammonia removal 106 celis/h
lasmapheresis BUN production
P o g BUN maintenance
(2.15ug/106 cells )
glucose
glucose production maintenance
(36.8 pg/g 10° cells /h)
Hager, '83 h.f. (50 kD cutoff) mice 5 NR N/A 1-58 N/A N/A protein synthesis N/A
10 <10 days (0.23 mg/ml/day)
extraluminal
urea accumulation
deamination of cytidine
h.f; 100 kD cutoff rat 6 N/R N/A 1-6 days N/A none V (0.09 - 0.03 nmol / N/A
Shatford, ‘91 38«10 ¢
contracted collagen gel L
Albumin production
(0.28 - 0.45 pg /105 cells/h)
lidocaine clearance
(1 pg/cell/h)
Hager, '78 h.f. (50 kD cutoff) neonatal mice N/R N/R N/A 68wks N/A none diazepam metabolism N/A
extraluminal uridine (65.9 pM/h)
urea
(increased 13% in 15 days)
Olumide, '77 dialysis against hepatocyte pig NR NR anhepatic pig none 2-4h without trypan blue (95-100%) survival
suspension (5-10 kD cutoff) hepatocytes (348vs35h)
pyruvate metabolism:
(decreased 70% in 1 h) lightened coma
V (0.25-0.01 ml/g of glucose
liver/min) maintenance
BUN decrease
(24 mg % in 36 h)
bilirubin
conjugation
Wolf, '75 h.f. (30-50 kD cutoff) hepatoma 6 N/R Gunn rat 143 NR none conjugated bilirubin bilirubin
Reuben- 10-15 x10 days total bilirubin conjugation
extraluminal H4-1I-E

glucosen consumption

LDH, GOT, GTP
accumulation

& approximately 40 g

h

assuming 10 < 10_9 g/cell and therefore 100 million cells /g
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Table 1.1B. Clinical Findings from the Utilization of Extracorporeal Bioartificial Livers

Author, year Reactor Cell Source Number of Cells Dead Volume Duration of Treatment Control Findings
Configuration culture Schedule Experiment
Neuzil, '93 h.f (0.2pm pore) pig 9 N/R none 6-h none increased mental status after 2 h; began to
collagen-coated 1«10 deteriorate 12 h post support
microcarmers cryopreserved
extraluminal patient's liver function and mental status
improved over 3 weeks and patient received
orthotopic liver transplantation after 6 mo.
ammonia (120 to 32 pM/L)
increased clotting factors; oozing recurred
15 h post support
twofold increase in most amino acids
Porcine hepatocyte viability post support(90%)
Sussman, '92 hf C3A-human 9 i N/R 34wk 144-h none increased mental status in 1 h
denved cell line 1540 «10
new cartridge patient died 132 h post support
every 5-36 h
decreased bilirubin (20 mg/dL)
decreased alkaline phophatase
increased a-fetoprotein demonstrates recovery
of native liver function
Margulis, '89 hemoperfusion porcine N/R 20 ml none 1-h per cartridge, =~ 67 patients (30 in 59 patients (20 in coma, 39 in precoma)
through a cell 6-h total coma, 37 in survival (63% vs 41%)
suspension with precoma) treated
actived charcoal with commonly coma lightened
used curative
measures free bilirubin decreased 45 5%
ammonium decreased 50.3%
EEG increased in normalcy
Matsumara,'87 hemodialysis rabbit 9 325ml none 52-hon, heat-deactivated mentation, appetite returned
against cell cryopreserved 10 x10 2 days off, control
suspension 4.5-h on patient discharged
plasmapheresis

decreased bilirubin (25 to 16.8 mg/dL)
morphology nonpolygonal

in vitro (urea synthesis, lactate to glucose

: 200 g ; assuming (10-13 10° @/ cell ) or d=20 pum and p= 1.4 g/ml

conversion )




extraluminal compartment and transport takes place through the membrane of each fiber
(Berthiaume et al., 1993). In addition, some investigators have coated the fibers to
promote hepatocyte attachment or pre-attached cells to microcarriers which were
subsequently inserted in a hollow fiber device. Table 1.1 displays the range of bioartificial
extracorporeal devices that have been reported. Table 1.1A summarizes in vitro and
animal studies whereas Table 1.1B contains clinical data.

Two classes of limitations become apparent in the examination of Table 1.1A:
transport issues and problems with culture stability. Hollow fiber devices, are prone to
transport limitations because of the relatively large distance between the perfused fluid and
the peripheral cells. In addition, the interfiber distance is difficult to control, creating
variations in transport distance, thereby limiting the efficiency of extraluminal seeded
devices. Studies by Nyberg et al. (1993) and Wolf et al. (1975) have included data
indicating necrotic cell masses. Microcarriers, in contrast, suffer from transport limitations
in their scale-up. The two studies which utilized packed columns have a small cell number
of 50- 160 x10° (Shnyra et al., 1991 and Demetriou et al., 1986B). The scale-up of these
devices will be hampered by transport limitations as the column height increases. All
nutrients being provided at the entrance must traverse the entire device. If one increases
the flow rate to ameliorate this problem, packed bed configurations generate large shear
stresses associated with a greater fluid velocity through small pathways. Furthermore, the
amount by which the column diameter can be increased to reduce the fluid velocity, has a
practical upper limit in relation to the column height. In fact, the aspect ratio
(height/diameter) is limited to 1:1 by the practicality of evenly distributing the liquid over
the entire column cross section (Berthiaume et al., 1993). Other bioreactor
configurations, such as vertical disks rotating in a bath of fluid, face limitations from the
low hepatocyte viability and the dissolution of the embedding gel (Yanagi et al., 1989).
Finally, monolayer culture configurations necessitate a large dead volume which is

clinically impractical (Takahashi et al., 1992).
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Table 1.1A also elucidates a number of problems with the stability of hepatocyte
cultures in these devices. All investigators who measure cell viability in primary
hepatocyte systems found cultures were stable for less than 7 days. Hepatocyte
suspensions, in fact, fair even worse with a cell viability on the order of hours.
Furthermore, some investigators utilized freshly thawed, cryopreserved, primary
hepatocytes even though other studies indicate that cryopreserved hepatocytes to not
regain stable, differentiated function for several days while the cells recover from freezing
stresses (Borel Rinkes et al., 1992). Finally, the device which included a C3A human-
derived cell line is difficult to assess (Sussman et al., 1992). This device may potentially
have problems due to the utilization of transformed cells, cell growth, or maintenance of
liver-specific functions.

The aforementioned transport and culture stability limitations have hindered the
progress of any large scale clinical trials. A few studies have been reported as seen in
Table 1.1B. The primary effect of the extracorporeal bioartificial devices was an increase
in mental status in the treated patients with a drop in serum ammonia and bilirubin
concentrations. The treatments are difficult to assess because of the general lack of any
controlled studies. One study did compare hemoperfusion through a cell suspension with
active charcoal in addition to conventional acute liver failure treatment as compared to
acute liver failure treatment alone (Margulis et al., 1989). They found a 63% survival rate
as compared to a 41% survival rate in the controlled group. On closer inspection of the
data, it should be noted that only 33% of the hemoperfused group were initially comatose
whereas 45% of the conventionally treated group were already comatose, therefore, the
margin of increased survival with hemoperfusion through a cell suspension may be
effectively decreased.

In general, it is obvious that the current bioartificial extracorporeal liver support
devices suffer from transport and culture stability limitations. These problems can perhaps

be addressed by a new application of micropatterning technology.
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1.4 Micropatterning

Micropatterning techniques rely on creating surfaces with selective adhesiveness on which
cells can be organized into microstructures. This technology may also be used in
designing a bioartificial liver system which mimics the sandwich culture configuration
(Figure 1.1) as well as the efficient transport properties of the liver. A liver lobule, the
functional unit of the liver is shown schematically in Figure 1.2. Cells are aligned in rows
and stacked vertically in plate-like structures. The blood flows along the sinusoids, on
both sides of the hepatocytes, where it comes in contact with the cells and mass exchange
takes place. Figure 1.3 shows a schematic of a micropatterning approach to mimicking
the liver geometry in hopes of preserving differentiated cell function and facilitating mass
transfer between the perfused fluid and the hepatocytes. This figure depicts hepatocytes
aligned in rows with dimensions on the order of 50-200 um. These micropatterned
hepatocytes are sandwiched between two layers of collagen and perfused on both sides by
fluid flow through the microchannels. Rows of hepatocytes, in the sandwich
configuration, alternate with channels of fluid flow allowing for efficient mass transfer and
preservation of differentiated function. The sites to which the hepatocytes adhere may be
a biocompatible, adhesive surface (AS), whereas the hepatocyte-free sites for fluid flow
may be created using some non-adhering surface (NAS). Creation of such a
micropatterned device in the sandwich configuration will requires selective adhesion of
hepatocytes on a single underlying substrate.

Although there have been no attempts to use selective adhesion to create a liver
support device, investigators have been interested in the ordered arrays of cells in vitro for
a variety of reasons: tumor invasion, wound healing, embryogenesis, mechanisms of cell
locomotion and orientation, synapse formation and the creation of bioelectric circuits in

culture. Weiss (1945), seeking to find support for his theory of contact guidance, first
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Figure 1.2. Schematic of the liver lobule. Blood flows inward from the portal triad
(i.e. portal venule, hepatic arteriole, and bile ductule) along the sinusoid and to the central
vein (Yarmush et al.. 1992B).
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Figure 1.3. Schematic of a hypothetical micropatterned device. Hepatocytes are
sandwiched and aligned along a collagen-coated adhesive surface in alternating rows. The
intermediate rows are composed of a non-adhesive, biocompatible surface and are
perfused with fluid.



plated a suspension of cells on a glass substrate ruled with fine parallel grooves. Later,
Carter (1965) coined the term haptotaxis ! to describe passive cell movement directed by
the relative strength of its peripheral adhesions. Since then many studies have reported
different types of cellular patterning (see Table 1.2). Most recently, with the advent of
photolithography, a number of groups have published results indicating selective adhesion
of cells can be obtained on the order of 20 to 150 um. Britland et al. (1992B) describe
patterning of Baby Hamster Kidney (BHK) cells whereas Stenger et al. (1992)
demonstrate the selective adhesion of porcine aortic endothelial cells and fetal rat
hippocampal neurons directly to a photochemically modified substrate. In contrast,
Matsuda et al. (1992) achieved selective adhesion of rat-derived PC-12 cells and
neuroblastoma C6 glial cells to a collagen treated substrate. None of these studies
examined the toxic effects of the surfaces or the function of the adhered cells over time.

Furthermore, none of these studies utilized selective adhesion for potential use in a

bioreactor configuration.

1.5 Scope of This Study
* Our overall goal is to create the micropatterned device shown in Figure 1.3. for use in
bioartificial liver development. The critical experimental parameter in obtaining this goal
is the creation of ordered arrays of hepatocytes. Thus, the specific aim of this study was
to obtain selective adhesion of hepatocytes to a single substrate with the ultimate goal of
creating a micropattern. The critical design parameters for the construction of the device
can be approximated by mathematical modeling of the oxygen distribution and viscous
pressure drop along the channels.

The experimental portion of the study utilized collagen as an adhesive molecule.

As an abundant component of the extracellular matrix, it is known to promote

'Greek: haptein, to fasten; taxis, arrangement
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Table 1.2. Studies Utilizing Cellular Patterning®

Investigator, Application Material Pattern Resolution Cells
year [pm]
Aizawa, ‘92 bioelectric circuits indium tin oxide, glass lines not reported neuron like PC-12
Stenger, '92 range organosilanes lines w,t=100 porcine endothelial
outlined polygons w=1-20 rat hippocampal
=200
Matsuda, '92 neurocircuits copolymer with collagen outlined hexagons not reported neuron like PC-12
Britland, '92A.B biosensors depostition of bioactive lines w=1-2 baby hamster kidney
peptides =12
Baer, '92 retinal nerve cell guidance in glyco-protein lines W=90 embryonic chick
development suspensions,glass retinal nerve cells
Corey, '91 synapse formation polylysine, glass lines W=3-10 hippocampal neurons
t=280-160
Matsuda, ‘90 neurocircuits copolymer with phenylazide lines W=20-200 bovine endothelial
Hammarback. '88 contact guidance and density laminin, fibronectin lines w=17-10 range
Klebe. '88 deposition of fibronectin collagen fibronectin, agar letters W=25-100 fibroblasts
Kleinfeld. '88 cytoarchitecture and elect. silane derivatives-quartz squares W=50-100 mouse spinal and rat
activity of nerv. tissue grids 1=150-100 cerebellar
Ireland. '87 limiting spreading and poly (HEMA)- Palladium circles D=225-80 fibroblasts
intercellular contact
Dow, '87 alignment, glass step range >0.3 baby hamster kidney.
electron microlithography grooves chick myocytes
spirals
Gundersen. '87 biological substrata IV collagen, laminin, circles D= 300 dorsal root ganglia
fibronectin
Dunn, '86 mugration and orientation quartz lines w=1-9 chick heart fibroblasts
1=3-32
Brunette, '86 dentistry silicone lines D=5-92 human gingivial
W=36-162 fibroblasts
Hammarback, '86 guidepost theory agarose-albumin, laminin squares D=100 dorsal root ganglia
lines W=40-50
Gundersen. ‘85 growth cone age and guidance adsorbed NGF on collagen circles 300 dorsal root ganglia
Hammarback. '85 neurite outgrowth laminin lines =1 dorsal root ganglia
Turner. '83 fibronectin fibronectin, urea, glass fibrils of fibronectin =0.7-8 range
t=5-10
Dunn, '82 contact guidance cell. acetate-glass lines W=10-50 chick heart fibroblasts
Albrecht-Buehler, immune response, Cancer, gold, albumin, glass lines w=17 3T3 fibroblasts
'79 development
Cooper . '76 synapses in culture silicon monoxide radial lines W=40 mouse clonal
neuroblastoma
Letourneau. ‘75 embryogenesis collagen, polystyrene, squares D=80 chick embryo
Palladium lines W=30
Harms, '73 locomotion cell. acet- Palladium, glass squares, lines D=50-85 range
w=33
Rovensky. '71 locomotion / PVC, nickel circles D=5-65 fibroblasts
orientation W=100-200
Carter, '67 cytokinesis cellulose squares 100-400 mouse fibroblasts
acetate- Palladium
Carter, '65 cancer/ cellulose acetate- lines not reported mouse fibroblasts
contact inhib Palladium
Weiss, '45 contact guidance glass. mica lines not reported rat Schwann cells

a W = width of line. D = diameter of circle or width of square. ©= spatial frequency
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differentiated function of hepatocytes. Surface coatings with adhesive and non-adhesive
properties after exposure to an aqueous collagen solution were characterized for their
hepatocyte-surface interaction. The adhesive surface (AS) has hydrophilic characteristics
allowing adsorption of collagen molecules from an aqueous solution, and subsequent
hepatocyte adhesion, whereas the non-adhesive surface (NAS) has hydrophobic properties
and remains hepatocyte-free. Furthermore, the combination of AS and NAS results in
preliminary patterns on a large grid with dimensions on the order of centimeters. A
reproducible processing technique for obtaining these patterns was developed and
optimized. The selective adhesion was shown to correlate with preferential protein
deposition on the AS. Finally, the morphology and long-term function of hepatocytes was
assessed by overlaying the patterned hepatocytes with a top layer of collagen gel to mimic
sandwich culture. They were found to be normal as compared to stable, differentiated
sandwich cultures.

The modeling portion of this work provided optimal channel lengths and
associated flow rates for a typical microchannel in the hypothetical micropatterned device.
The creation of a micropatterned flow chamber can now be attempted: first, by the
- application of the selective adhesion process to micropatterns on a single substrate, and

then by the design and construction of a sandwich-type device.
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CHAPTER 11

SELECTIVE ADHESION OF HEPATOCYTES

2.1 Introduction

The experimental portion of this study was directed towards obtaining reproducible,
selective adhesion of hepatocytes to a solid substrate. This approach will ultimately be
applied to the design and construction of a microchannel device, as described previously.
The microchannel device will potentially have application as an extracorporeal bioartificial
liver.

The theory behind achieving the selective adhesion of hepatocytes is based upon
the process depicted in Figure 2.1. Polymer coated glass substrates are exposed to a
collagen solution. The polymer coatings have differential wettability. The wettable,
hydrophilic coating has a small contact angle whereas the non-wettable, hydrophobic
coating has a much larger contact angle. Exposing these coatings to a water-based
collagen type I solution causes wetting and subsequent deposition of collagen molecules
on the hydrophilic surface whereas the hydrophobic surface remains bare. Collagen,
known to be an adhesive molecule with corresponding integrin receptors on the cell
surface, causes hepatocytes seeded on the two individual surfaces to preferentially adhere
to the collagen-coated surface.

Combining the hydrophobic and hydrophilic coatings onto a patterned grid on the
same glass substrate would create the base of a microchannel device. The patterned
substrate can be manufactured by standard photolithographical techniques. The surface is
then treated with a collagen solution and seeded with hepatocytes. Subsequent agitation
of the hepatocyte-substrate complex causes removal of any loosely bound hepatocytes

from the hydrophobic coating while hepatocytes remain adhered to the collagen-coated,
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Figure 2.1. Schematic of selective adhesion of hepatocytes.
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hydrophilic polymer regions. Finally, the patterned base of the microchannel device is
obtained with hepatocytes aligned in regular, alternating rows.

This study focused on the characterization and optimization of selective adhesion
of hepatocytes on a Jarge-scale pattern of the two coatings prior to applying the
technology to smaller 'micropatterns'. Specifically, attachment efficiency, spreading and
toxicity were investigated on individual surfaces. A reproducible process was developed
and optimized for obtaining selective adhesion on a large grid substrate. Finally,

differentiated, sustained function of hepatocytes in the selectively adhered configuration

was demonstrated.

2.2 Materials and Methods

2.2.1 Preparation of Hepatocytes

Hepatocytes were 1solated from 2-3 month-old female Lewis rats (Charles River, MA),
weighing 180-220 g, by a modified procedure of Seglen (1976) and as described in detail
elsewhere (Dunn et al, 1991). Figure 2.2 depicts a schematic diagram of the procedure
used for isolating rat hepatocytes. Animals were anesthetized in a chamber containing
saturated ether. The liver, weighing 7-8 g, was first perfused through the portal vein in
situ with 400 mL of perfusion buffer with 1mM ethylenediaminetetraacetic acid (EDTA)
at 45 mL/min. Perfusion buffer is 154 mM sodium chloride, 5.6 mM potassium, 5.5 mM
glucose, 25 mM sodium bicarbonate, and 20 mM N-(2-hydroxyethyl)piperazine-N’-2-
ethanesulfonic acid (Hepes), pH 7.4 (see Figure 2.2A).! The perfusate was equilibrated
with 5 L/min 95% O, and 5% CO, through 5 m of silicone tubing (inner diameter 0.058

in., outer diameter 0.077 in.) and was maintained by a 100-mm heat exchanger (reflux

!Unless specified. chemicals were purchased from Sigma (St. Louis, MO), Aldrich (Milwaukee, W1), EM
Science (Gibbstown. NJ), JT Baker (Phillipsburg, NJ), and Mallinckrodt (Paris, KY).
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Figure 2.2. Procedure for hepatocyte isolation A. In vivo perfusion B. In vitro isolation
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condenser 283000, Kontes, Vineland, NJ) at 37 °C before entering the liver. The liver
was subsequently perfused with 200 mL of 0.05% type IV collagenase (Sigma) in
perfusion buffer with 5 mM calcium chloride at the same flow rate.l During this time, the
liver swelled to about twice the original size. The swollen liver was dissected away from
ligaments and the diaphragm and was transferred to a 100-mm dish with 20 mL of ice-cold
perfusion buffer (see Figure 2.2B). The liver capsule was teased apart, and the resulting
cell suspension was filtered through two nylon meshes with grid sizes 250 and 62 pm
(Small Parts, Miami, FL). The cell pellet was collected by centrifugation at 50g for 5 min.
Cells were further purified by a modified procedure of Kreamer et al. (1986). The
cell pellet was resuspended to 50 mL, and 12.5 mL of cell suspension was added to 10.8
mL of Percoll (Pharmacia, Piscataway, NJ) and 1.2 mL of 10x HBSS. Hanks' balanced
salt solution (1X HBSS) is 138 mM sodium chloride, 5.4 mM potassium chloride, 0.33
mM sodium phosphate, 0.33 mM potassium phosphate, 0.8 mM magnesium sulfate, and
5.6 mM glucose, pH 7.4. The mixture was centrifuged at 500g for 5 min, and the cell
pellet was washed twice with Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/L
glucose (Gibco, Grand Island, NY). Routinely, 200-300 million cells were isolated with
viability between 92% and 99% as judged by trypan blue exclusion. Nonparenchymal

cells, as judged by their size (less than 10um in diameter) and morphology (nonpolygonal

or stellate), were less than 1%.

2.2.2 Preparation of Rat Tail Collagen

Type I collagen was prepared from Lewis rat tail tendons by a modified procedure of
Elsdale and Bard (1972). Four tendons were dissected from each rat tail and stirred in
200 mL of 3% (v/v) acetic acid overnight at 4°C. The solution was filtered through four
layers of cheesecloth and centrifuged at 12000g for 2 h. The supernatant was precipitated
with 40 mL of 30% (w/v) sodium chloride, and the pellet was collected by centrifugation

at 4000g for 30 min. The pellet was dissolved in 50 mL of 0.6% (v/v) acetic acid, and the
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solution was dialyzed against 500 mL of ImM hydrochloric acid five times. For
sterilization, 0.15 mL of ch_]oroform was added to the solution. The solution was stirred
for 2 days loosely capped to allow evaporation of chloroform. A 5-mL aliquot was
lyophilized and weighed to determine the yield of collagen. Generally 100 mg was
isolated per rat tail. This preparation yields type I collagen molecules mostly in its native,

not cross-linked, triple-helical form (Elsdale and Bard, 1972).

2.2.3 Hepatocyte Culture

Hepatocyte culture was performed on a variety of collagenous and non-collagenous
substrates. Standard single gel refers to a gel consisting of 9 parts collagen solution at
1.11 mg/ml, and 1 part 10X DMEM, pH 7.4, chilled on ice, mixed just prior to use.
Collagen forms a gel at physiological pH and ionic strength at room temperature, but the
rate of gelation is accelerated at higher temperature. Standard sandwich culture utilizes an
overlay of the same collagen gel solution on top of the hepatocytes.

Some collagen gels were formed without the use of DMEM. Gels were formed by
utilizing a salt solution consisting of six times the inorganic salt concentration found in
DMEM. This salt solution had the following composition: 5.5 mM sodium phosphate,
10.8 mM calcium chloride, 4.9 mM magnesium sulfate, 32.3 mM potassium chloride,
0.264 M sodium bicarbonate, and 0.657 M sodium chloride brought to pH 7.4. Dilute
collagen gels of 0.5 mg/ml collagen (1/2 as concentrated as standard collagen gel) were
formed by mixing 5 parts of 1.11 mg/ml collagen gel solution, 3.3 parts of distilled
deionized water, and 1.67 parts of the salt solution. Collagen gels of higher
concentrations (i.¢., greater than standard gel concentration) were prepared by lyophilizing
40 mL of 1.11 mg/mL collagen gel solution in a FTS Systems lyophilizer (Model FD-3-
55A-MP, Stone Ridge, NY). The collagen was weighed and dissolved in 10 mL of ImM

hydrochloric acid to obtain a highly concentrated stock solution of 4 mg/ml. This stock
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solution was then used in conjunction with 1.67 parts salt solution and distilled deionized
water to obtain intermediate collagen gel concentrations.

Collagen gels were applied by distributing 1 mL of the appropriate collagen gel
solution evenly over a 60-mm tissue culture dish (Falcon, Lincoln park, NJ) and incubated
at 37°C at least 1 h before use. Two million viable cells were seeded in 2 mL of medium,
consisting of DMEM supplemented with 10% (v/v) fetal bovine serum (Hazleton,v Lenexa,
KS), 0.5 unit/mL insulin (Squibb, Princeton, NJ), 7 ng/mL glucagon (Lilly, Indianapolis,
IN), 20 ng/mL epidermal growth factor (Collaborative Research, Bedford, MA), 7.5 u
g/mL hydrocortisone (Upjohn, Kalamazoo, MI), 200 units/mL penicillin (Hazleton), and
200 pug/mL streptomycin (Hazleton). This constituted the underlying, single gel, system.
For the sandwich systems, an additional 1 mL of collagen gel solution was distributed over
the cells after 1 day of culture at 37 °C and 10% CO,. Culture medium was first removed
and care was taken to ensure that the second layer of collagen gel was evenly spread over
the entire dish. Thirty minutes of incubation at 37°C was allowed for gelation and
attachment of the second gel layer before the medium was replaced. Culture medium was

changed daily. The collected media samples were stored at 4°C prior to analyses.

2.2.4 Surface Specifications

Disks of glass (5.08 cm diameter) with various coatings were obtained from Cytonix
(Beltsviile, MD). Adhesive surfaces (AS) were formed by spin-coating with urethane
epoxy and curing in ultraviolet light. Non-adhesive surfaces (NAS) were formed by
overcoating with a solution of a perfluorinated polymer. 'Banded' patterns were created
by masking the urethane epoxy coated surface with a single strip of adhesive tape of 1.9
cm width. Disks were then overcoated with a perfluorinated polymer followed by removal

of the adhesive tape. A banded surface is depicted in Figure 2.3.
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Figure 2.3. A banded surface with adhesive (AS) and non-adhesive (NAS) regimes.
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2.2.5 Processing of Surfaces
All surfaces were washed for 2 min in 3 mL of distilled, deionized water by shaking at 400
RPM on a shaker (Model R-2, New Brunswick Scientific, Edison, NJ).

For patterning, dilute (non-gelling) collagen solutions (0.01% (w/v)) were
prepared by mixing 1 part of 1.11 mg/ml collagen solution with 9 parts of distilled,
deionized water. 0.01% (w/v) bovine serum albumin (Sigma, Lot Number 118F005)
solution and 0.01% (w/v) PL (Sigma) were prepared in distilled, deionized water.

Surfaces were coated with various solutions, described in section 2.2.3, by
immersion into 300 mL of the appropriate solution at a 90° angle and a rate of 1mm/s by a
modified Harvard Syringe pump (Cambridge, MA) at 4°C. Surfaces were then placed in
60-mm tissue culture dishes. In addition, some surfaces were spin-coated at 4°C by
utilizing the following procedure. Surfaces were clamped to the center of a modified
centrifuge rotor (Dynac, Cat # 0101, Parsippany, NJ). The technical drawing of the
machined accessory is depicted in Figure 2.4. A fixed volume of solution (2 ml) was
pipetted onto the center of the surface over 5 seconds. Solution was allowed to spread
- for 5 s prior to spinning. Spinning was done at 500 RPM (centrifuge setting of 18) for
20s. The brake was applied for a duration of approximately 5 s until rotation had ceased.
Surfaces were then unclamped, and placed in a 60-mm tissue culture dish (Falcon).

Following processing, all surfaces were incubated at 37 °C and 10% CO, for 30
min. Dilute collagen coatings evaporated during this time whereas gelation occurred in

the salt-based collagen solutions. Surfaces that were analyzed for differentiated, long-

term function were pre-treated by ethylene oxide gas sterilization.
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Figure 2.4. Technical drawing of machined accessory to modify a centrifuge for spin-
coating.
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2.2.6 Attachment Assay and Morphological Measurements

As described above, two million freshly isolated, viable cells were seeded in 2 mL of
medium on the appropriate pre-treated surface or single layer of collagen gel in a 60-mm
tissue culture dish (Falcon). Cells were spread evenly and incubated for 45 minutes at
37°C and 10% CO,. The following washing procedure was repeated twice. Unattached
cells and medium were then aspirated and 3 mL of medium was added to each dish.
Dishes were agitated at 200 RPM on a shaker (New Brunswick Scientific) for 4 minutes.
After 2 minutes, the orientation of the dishes was changed by rotating each dish 90 °and
shaking was resumed for the remaining 2 minutes. Finally, media was aspirated and 2 mL
of media was added to each dish. Cells were recorded at 50X original magnification
using a video system consisting of an Olympus microscope (CK2, Japan), camera
(Hamamatsu C-2400, Japan), monitor (Sony PVYM1343MD, Japan), and VCR (Panasonic,
AG-6750, Japan) as described in detail elsewhere (Rotem et al., 1992). The number of
remaining cells in 10 random fields were counted from the recorded images using an image
analysis system (Argus 10, Hamamatsu) and compared to the number of remaining cells
on a single layer of collagen gel which had been similarly treated. Morphological
measurements were made by recording the cells at 200X magnification after 24 h of
incubation at 37 °C and 10% CO, The projected surface area (PSA) of the cells was
analyzed from the recorded images using an image analysis system (Argus 10) which had

been previously calibrated using a hemocytometer grating.

2.2.7 Biochemical Analysis

Collected media samples were analyzed for rat albumin content by enzyme-linked
immunosorbent assays (ELISA). Chromatographically purified albumin was purchased
from Cappel (Cochranville, PA). The 96-well plates (NUNC-Immuno Plate, Maxisorp,
Newbury Park, CA) were coated with 100 pL of rat albumin in 25 mM carbonate buffer,
pH 9.6, overnight at 4 °C. The wells were washed four times with PBS plus 0.5% (v/v)
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Tween 20 (PBS-Tween). Fifty microliters of sample was mixed with an equal volume of
antibody (800ng/mL in PBS-Tween) before it was transferred to the wells. After
overnight incubation at 4 °C, the wells were washed four times with PBS-Tween and were
developed with 100 uL of 25 mM citrate and 50mM phosphate, pH 5, containing
0.4mg/mL o-phenylenediamine by the conjugated peroxidase. The absorbance was
measured at 490 nm with the a Dynatech (Chantilly, VA) MR600 microplate reader.
Positive controls included known concentrations of purified rat albumin added to the
culture medium and negative controls included the culture medium and PBS-Tween.
Concentrations of standards were calibrated by their absorbances at 280 nm, by using 0.6
as an extinction coefficient for 1mg/mL solutions of albumin. Concentrations of samples
were determined from a standard curve generated for each ELISA plate. Absolute rates
of secretion were calculated from the concentration by multiplying the total volume of the
medium and dividing by the elapsed time. Results were given in micrograms per hour per

2x10° cells .

2.2.8. Atomic Force Microscopy

Two banded surfaces with regions of AS and NAS were analyzed by Imaging Services
(Santa Barbara, CA). Both disks were washed by agitation and 500 rpm for 1 minute in
distilled, deionized water. One disk was imaged without any further treatment whereas

the other sample was spin-coated with 2 ml of 0.1 mg/ml collagen solution at 500 rpm for

25 seconds.

2.2.9 Statistics and Data Analysis

Generally, two duplicate wells were averaged for each ELISA sample. Experiments were
repeated two to three times. The absolute secretion rate of the control cuiture on the
second to last day of culture was used to normalize all data in an experiment. Combining

data from experiments with different sampling schedules was done by linearly interpolating
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missing data points. Attachment data was quantified by dividing number of cells attached
by the number of cells attached to a single layer of collagen gel (control) and expressed as
a percentage. Each data point represents the average of 10-20 fields. Error bars indicate
standard deviation of the mean. Morphological measurements were quantified by
analyzing the projected surface area for 5 random cells in 10 random fields, per condition.

Error bars indicate standard deviation of the mean.

2.3 Results

Hepatocyte Culture

Albumin secretion is typically utilized as a marker for differentiated hepatocyte function
because it involves many complex cellular functions such as transcription, translation,
intracellular packaging and transport, and secretion. Figure 2.5 shows the albumin
secretion of cells cultured in two different collagen gel configurations, namely; a single
layer of collagen gel and sandwich culture. In the sandwich configuration, albumin

secretion shows a marked increase followed by a plateau at day 8 at approximately

3 ug/h/2x 10° cells. In contrast, single gel culture shows a maximum at day 2 at 0.89 +
0.1 ug/h/2x 10° cells followed by a steady decline in albumin secretion and differentiated
function. In the original study by Dunn et al (1991), similar trends were reported for
albumin and other proteins. These results indicate the importance of utilizing a sandwich
configuration to create a stable, differentiated culture system.

The aforementioned experiments were done using a collagen gel concentration of 1
mg/ml. In order to test the effect of varying the collagen concentration in the extracellular
matrix on the differentiated function of hepatocytes, a series of experiments were
performed where the collagen gel concentration was varied between 3 and 0.5 mg/ml.
Figure 2.6 shows the albumin secretion of hepatocytes sandwiched between two gels of

varying concentrations. Altering the collagen concentrations within the examined range
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Figure 2.5. Albumin secretion of hepatocytes cultured in sandwich and single gel

configurations.
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seemed to have no effect on albumin secretion. All cultures showed an increase in albumin
secretion to a maximal level around day 8. Lower collagen gel concentrations were not

investigated because a stable gel does not form below a concentration of 0.4 mg/ml.

Surface Characterization

Adhesive (AS) and non-adhesive surfaces (NAS) were characterized before and after
surface coating utilizing atomic force microscopy (AFM). The methodology for surface
coating with collagen is described in the previous section. Figure 2.7 shows
3-dimensionally rendered AFM images of untreated and treated (by spin-coating with a
collagen solution), AS and NAS, on a banded surface. The term 'banded surface' refers to
circular 5.08 cm diameter surfaces with a 1.9 cm strip of AS in the center flanked by NAS
as depicted in Figure 2.3. As seen in Figure 2.7, spin-coating a banded surface resulted in
selective adsorption of collagen to the AS with no observable change in the NAS. Table

2.1 summarizes the roughens of the four surfaces.

Table 2.1. Comparison of surface roughness for various sites on a banded surface.?

UNTREATED [nm] TREATED [nm]
ADHESIVE 0.190  (0.240) 0350 (0.382)
NON-ADHESIVE 0.303  (0.459) 0.304 (0.382)

Clearly, the roughness of the AS increases after collagen treatment whereas the surface of

the NAS is unchanged. Figure 2.8 shows the interface of the two coating regions after

4 Data in parentheses represents rms.
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Figure 2.6. Normalized albumin secretion of hepatocytes cultured in sandwiches of
varying collagen concentration. All samples were normalized to their own control
cultures. (A normalized value of 1.0 corresponds to 4.4 pg/h/2x10° cells and
represents the average of the control values.)
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Figure 2.7. Atomic Force Microscopy image of (going clockwise from upper left)
A. adhesive surface (AS) untreated, B. AS treated by spin-coating with aqueous collagen

[0.1 mg/ml], C. non-adhesive surface (NAS) treated D. NAS untreated by spin-coating
with aqueous collagen [0.1 mg/ml].



Figure 2.8. Atomic Force Microscopy image of interface between adhesive (on the left)
and non-adhesive regions of a banded surface after treatment by spin-coating with
aqueous collagen [0.1 mg/ml]. The adhesive region is covered with a matte coating of
collagen whereas the non-adhesive region exhibits the beginning of striations resulting
from drying during spin-coating.
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collagen treatment. A matte layer of protein is visible on the AS region. In contrast, the
NAS portion of the image displays striations of 10-100 nm in height. In addition, other
images taken at lower magnification show that the NAS-associated striations begin

approximately 5 um before the NAS interface begins, possibly indicating a resolution

limitation to this processing technique.

Hepatocyte-Surface Interactions

The hepatocyte-surface interaction was assessed separately for both AS and NAS.
Surfaces were evaluated for the level of hepatocyte attachment, spreading, and
differentiated function. Attachment to various processed surfaces was expressed as a
percent of the cells that attached to a similarly processed standard collagen gel. PSA was
used to quantify the hepatocyte-substrate interaction at later time points following the
early attachment phase. Analysis of the preservation of differentiated function was done
by seeding cells on a pre-treated AS with a collagen gel overlay to mimic the sandwich
culture described in the previous section. This sandwich culture was compared to the
conventional sandwich culture by measuring albumin secretion. Finally, preservation of
differentiated function in the presence of the NAS was evaluated by culturing cells in the
sandwich configuration with media that had been incubated with NAS.

2% 10% cells were seeded on AS and NAS treated as described previously by
immersion into a 300 ml bath of 0.01% (w/v) collagen solution, 0.01% (w/v) BSA,
0.01% (w/v) PL solution, or distilled, deionized water. The NAS should tend to
discourage wetting by a water-based solution because of its hydrophobic properties.
Conversely, the AS is wettable and thereby should promote adhesion of the water-based
protein solution. Figure 2.9 compares adhesion of hepatocytes to a vanety of pre-treated
surfaces after 45 minutes. Collagen-treated AS showed the largest levels of attachment at

82 * 15 % of control. AS treated with a PL solution and water alone also displayed small
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Figure 2.9. Attachment of hepatocytes to various treated substrates as percentage of
hepatocytes attached to collagen gel after 45 minutes. A signifies adhesive surface and

NA signifies non-adhesive surface. All solutions were 0.1 mg/ml.
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levels of attachment (~25%) whereas all other conditions, namely collagen-treated NAS,
water-treated NAS, PL-treated NAS, BSA-treated AS and NAS, had less than 4 % (of
control) attachment .

BSA has a net negative charge at physiological pH whereas PL carries a positive
charge. These two molecules were utilized to attempt to distinguish non-specific charge
interactions from receptor-specific attachment. BSA was a deterrent to hepatocyte
attachment on all surfaces. PL supported as much adhesion as water alone on the AS and
reduced adhesion from 4% to 0 % on the NAS. This behavior can be explained by one of
two phenomenon: (1) the PL did not adhere to the surface and the surface behaved as it
did when treated with water or (2) the PL adherence does not support the high levels of
attachment promoted by collagen.

Morphology of the attached cells was assessed after 24 hours of incubation.

Figure 2.10 shows the PSA per cell of the attached cells. Cultures on collagen-treated AS
had a PSA of 1508 + 521 pm’ and were comparable to the PSA of cells cultured on a
collagen gel. All other attached cells remained round with a PSA of 300 to 500 um®
including those cells attached to the PL-treated and water-treated AS. Therefore, the only
cells which exhibited spreading similar to the standard culture techniques were those
cultured on the collagen-treated AS .

Figure 2.11 shows the total PSA of the attached cells on the surfaces. Average
PSA per cell is multiplied by the number of attached cells and error bars represent the
standard deviation in attachment. The total PSA is a more meaningful representation of
cell surface area available for mass exchange and the results clearly indicate the benefits of
utilizing collagen-treatment on the AS. The total PSA was an order of magnitude higher
for collagen gel and collagen-treated AS as compared to all other surfaces (1 x 10° um?
versus 0.1 x 10° um?).

To assess the potential toxic effects of AS and NAS on cellular function, sandwich

cultures were performed under different conditions and albumin secretion was measured.
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AS were treated by immersion into a 0.5 mg/mi collagen gel solution. As previously
mentioned, monomeric collagen polymerizes at physiological pH and osmolarity and this
process is accelerated at elevated temperatures. Therefore, subsequent incubation of these
surfaces yielded a thin collagen gel for hepatocytes to be seeded on. The hepatocytes
were sandwiched after 24 hours with a standard collagen gel overlay and albumin
secretion was compared to that of a standard sandwich culture. Figure 2.12 shows
differentiated function of hepatocytes on AS as compared to the standard sandwich
culture. Both culture conditions produced increasing albumin secretion which reached a
plateau at 3.2 pg/h/2x 10°cells around day 10.

In contrast, to determine the toxic effects of NAS, standard sandwich cultures
were incubated with medium previously incubated at 37 °C for 24 hours with a NAS.
Cells could not be cultured directly on NAS because hepatocytes are anchorage-dependent
cells.  Figure 2.13 indicates comparable levels of albumin secretion for sandwich cultures
incubated in standard media and media pre-incubated with NAS . Albumin secretion for

both conditions plateaued at day 7 at 3 pg/h/2x 10%cells.

Hepatocyte-Banded Surface Interactions
(Combined Adhesive (AS) and Non-adhesive Surfaces (NAS))

The selection of the polymers for the AS and NAS and the separate characterization of
cell-biomaterial interactions was followed by combining both surfaces on a banded surface
(Figure 2.3). Surfaces can be treated with collagen using a variety of application
methods. Two methods investigated in this study were dipping and spin-coating.
Another parameter to investigate was the concentration of the applied collagen solution.
Attachment and spreading were investigated on banded surfaces and expressed as
differential attachment. Differential attachment refers to the percent attachment on the AS

region minus the percent attachment on the NAS region. Finally, long-term differentiated
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Figure 2.12. Normalized albumin secretion of hepatocytes seeded on treated adhesive
surfaces as compared with sandwich culture. Adhesive surfaces were immersed in 0.5
mg/ml collagen gel solution and hepatocytes were overlayed with 1 mg/ml collagen gel.

(A normalized value of 1.0 corresponds to 3.2 pg/h/2x10° cells.)
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Figure 2.13. Normalized albumin secretion of hepatocytes in sandwich culture as
compared to a sandwich culture whose media had been pre-incubated with a non-adhesive

surface. (A normalized value of 1.0 corresponds to 3.0 ug/h/2x10° cells.)
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function of hepatocytes on the banded surface with a collagen gel overlay to create a

sandwich culture was evaluated.

A comparison was made between immersion into collagen solutions versus spin-
coating. Surfaces were immersed at a 90° angle at a controlled rate of 1 mm/s into a 300
mi bath of 0.1 mg/ml collagen solution. Spin-coating was performed by using 2 ml of 0.1
mg/ml collagen solution and a modified centrifuge spinning at 500 rpm for 25 seconds.
Dipping yielded uniform non-selective cell adhesion to both regions of the surface whereas
spin-coating yielded preferential attachment to the AS and a clear boundary between the
two regions. Thus, spin-coating was chosen for the selective adhesion of hepatocytes in
the rest of this study. However, it is noteworthy to mention that one could also vary the
rate of dipping and presumably reach some speed at which the contact time of the collagen
solution with the surface was reduced sufficiently to obtain diminished attachment on the
NAS .

Having chosen spin-coating as the method of collagen solution application, the
concentration of the collagen solution was investigated by varying the coating
concentration between 2 mg/ml and 0.005 mg/ml. Figure 2.14 displays the percent of cells
attached to both the AS and NAS regions of the banded surface as compared to a collagen
gel control. The AS shows relatively constant attachment efficiency as the collagen
solution concentration decreases until it reaches the lowest concentration of 0.005 mg/ml.
The diminished attachment at lower concentrations is due to a patchy pattern of adhesion
similar to that seen on the water-treated surface. Conversely, NAS show low levels of cell
adhesion for most concentrations lower than 2 mg/ml whereafter cell adhesion increases.
Subtracting these two curves to obtain differential attachment, a measure of patterning
efficiency, yielded Figure 2.15. A plateau of maximal differential attachment is obtained
between 0.01 to 1 mg/ml. Outside this optimal operating range, differential attachment
decreases signifying non-optimal selective adhesion of hepatocytes. At higher

concentration this appears to be due to increased binding on the NAS whereas at lower
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Figure 2.14. Normalized attachment of hepatocytes to adhesive and non-adhesive regions
of a banded surface after spin-coating with various concentrations of collagen I solution.
Attachment is expressed as percentage of cells which attached to a collagen gel and is then
normalized to the maximum value for each experiment. (A normalized value of 1.0
corresponds to 75% attachment as compared to a collagen gel control.)
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Figure 2.15. Normalized differential attachment of hepatocytes to adhesive and non-
adhesive regions of a banded surface. Differential attachment = attachment on adhesive
surface- attachment on non-adhesive surface. Each experiment was normalized to
maximum percentage attachment for that experiment. (A normalized value of 1.0
corresponds to 72% attachment as compared to a collagen gel control.)
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coating concentration this appears due to decreased binding to the AS. This qualitative

pattern was reproduced in 2 experiments with 2 surfaces per experiment and 10 random
fields on each region of the banded surface per surface. To obtain statistical significance
of the trend observed in Figure 2.15, more experiments with a larger number of sampled
fields is necessary.

The PSA of the attached cells on the AS surface was determined at 24 h as a
measure of cell spreading. Figure 2.16 shows no significant effect of coating
concentration on PSA per cell. PSA per cell were between 1000 to 1250 um?. Given the
aforementioned attachment results and these spreading studies, a coating concentration of
0.1 mg/ml was chosen for subsequent experiments.

Figure 2.17 shows hepatocytes which have adhered to this surface after 24 h of
culture. This is a typical field along the boundary of the two surface coatings. The cells
maintain their characteristic polygonal morphology and do not spread or migrate onto the
NAS. In addition, many are multi-nucleated (typical of hepatocytes in culture) and have
well-defined boundaries. Clearly, the selective adsorption of collagen molecules seen in
Figure 2.7 correlates with the resulting selective adhesion of hepatocytes in Figure 2.17.

To assess the differentiated function of these cells, a second layer of gel was
applied at day 1 to mimic the sandwich culture configuration. Figure 2.18 shows the

increase in albumin secretion until the plateau at ~2.2 pg/h/dish at day 12 as seen in the

control sandwich culture.

2.4 DISCUSSION

A reproducible process for selective adhesion of hepatocytes to a solid substrate

has been developed. The cells display normal morphology and differentiated function in
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Figure 2.16. Projected surface area per cell of hepatocytes after 24 hours of culture on the
adhesive region of banded surfaces that were spin-coated with various concentrations of

collagen solution.
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Figure 2.17. Selective adhesion of hepatocytes. A typical micrograph of the interface
between adhesive and non-adhesive regions of a banded surface after 24 hours of culture.
This substrate was treated with a 0.1 mg/ml collagen solution. Scale bar corresponds to
100 pum.
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Figure 2.18. Albumin secretion of hepatocytes on a banded surface with a collagen gel
overlay as compared to a sandwich culture. Hepatocytes on the banded surface were
seeded at 3 million per P-60 dish (to account for only 46% adhesive surface) and 2
million per dish in control cultures. It is likely that less than 2 million cells adhered to the

adhesive surface on the banded surface.
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long-term culture conditions on the adhesive portion of the surface as compared to a
stable, differentiated sandwich culture control. The adhesion may be a receptor-specific
process as opposed to a non-specific charge interaction as demonstrated by the lack of
selective adhesion mediated by positively and negatively charged molecules. This
processing technique and the information gained from the characterization of the cell-
biomaterial interaction will be central to the development of a microchannel device. This
device may potentially have the capacity to function as an extracorporeal bioartificial liver
device by efficiently performing liver-specific functions as plasmas fluid is perfused
through the device. This approach to an extracorporeal device for hepatocytes has
significant advantages over other conventional configurations such as microcarriers,
hollow fibers, and monolayer cultures. As shown in Chapter III in more detail, the device
would maintain cell exposure to low shear stresses and viscous pressure drop while
maintaining a maximal diffusion path of 50-75 um, thus creating the ability for very
efficient nutrient transport.

The selective adhesion is achieved by exposing the hydrophilic, adhesive surface
(AS) and the hydrophobic, non-adhesive surface (NAS) to an aqueous collagen solution,
resulting in preferential collagen adsorption to the AS by simple wetting of the AS. In
terms of the processing, spin-coating of the substrates was chosen over dipping because
selective adhesion was not obtained by immersion of the surface in a collagen solution
bath. One possible reason for the success of selective adhesion via spin-coating as
compared to dipping is the time of contact between the collagen molecules in solution and
the hydrophobic NAS. Time-dependent hydrophobic-hydrophobic bonding betwen the
collagen molecules and the NAS may take place during the dipping process (120 seconds)
as opposed to the 40 seconds of exposure in the spin-coating process. A schematic
depicting the spin-coating process is shown in Figure 2.19 (Elliott, 1989). In this case, a
'static flood' dispense process was utilized meaning the coating solution was applied and

allowed to spread to equilibrium before spinning began. During a typical spin-coating
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Figure 2.19. Schematic of spin-coating process and competing forces (Elliott, 1989).
C indicates the center of rotation, F indicates centrifugal force, S corresponds to
evaporating solvent, A indicates adhesive force between the solution and the substrate,
and v indicates the surface tension at the substrate edge.
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process, a number of parameters affect the consistency, thickness, and texture of the
coating;: centrifugal force, F, solvent evaporation, S, solvent viscosity, v, adhesive force,
A, and surface tension at the wafer edge, y. Initially, a wave of solution forms and moves
outward radially until no excess solution remains to supply the wave propagation.
Subsequent spinning causes scrubbing of the remaining coating in a spiral pattern. Uneven
drying caused by excessive spin times may also cause striations approximately 400 nm
high. In the case of banded surfaces, both the adhesive forces and the contact angle (angle
through which surface tension forces are exerted) are different on the AS and NAS. The
result is collagen adhesion to the AS with spiral-shaped edge effects on the NAS.
Evidence of edge effects is seen in cell adhesion to the outlying areas of the non-attaching
surface in a spiral tail pattern prior to agitation. However, the strength of binding seems
to be low because the edge effects are eliminated immediately upon agitation (data not
shown). Direct surface examination by AFM also showed striation patterns on the NAS
regime which is not suprising; if the hydrophobic NAS surface dewets more quickly than
the hydrophilic, AS, these striation patterns might be expected. Furthermore, their
dimensions (10-100 nm) correlated well with those reported in the literature (Elliott,
1989). Limitations of this processing technique stem from the limits of resolution that
may occur at smaller patterning widths. According to the AFM images, this limit is on the
order of 5 um. This value may have limited applications in patterns manufactured
photolithographically as compared to those produced by adhesive masking since the
profile of the interface may vary with the different processes. Finally, a number of
independent variables exist for optimization: spinning speed, solution volume, spinning
time, and temperature. These parameters were held constant for this study although at
smaller patterning widths they may have a strong influence on the limit of resolution.

At the cellular level, the mechanism of the selective adhesion on collagen may be
receptor-specific. For receptor-mediated attachment to occur, most investigators define a

multi-step process including initiation of cell contact, propagation of adhesion through
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receptor migration, and cell spreading (Hammer et al, 1989, Rubin et al., 1981, van
Kooten et al., 1992). In this study, positively and negatively charged molecules at neutral
pH (PL and BSA, respectively) were utilized to determine the effect of non-specific
charge interactions. PL on the AS was the only experimental condition other than the
water control which showed significant levels of attachment although the percentage
attachment was much lower than that seen on the collagen-treated AS. This effect may
have been due to either: (1) lack of adsorption of PL to the surface resulting in behavior of
the surface like the water-treated AS or (2) PL adsorption mediating low, but significant,
levels of attachment. We did not directly assay for the presence of PL on the surface,
therefore it is impossible to specify one of the two phenomena. The specific mechanism,
by which low, but significant, levels of attachment occurs is beyond the scope of this
study. In contrast, BSA is known to have adhered to the surfaces as is evidenced by its
effect in deturring attachment. For optimal attachment efficiency, a receptor-specific
adhesion molecule was utilized; namely, native collagen I. Other adhesive molecules
found in the extracellular matrix such as laminin and fibronectin may have also been used
with success. In fact, laminin is reported to bind to the same integrin receptors as
collagen of form a8, o,B, anda,B, (Hynes, 1992, Gullberg et al., 1989). In this study,
experiments were limited to the utilization of only one of the many known adhesive
molecules. In addition, this study was limited to the use of serum-supplemented media.
Proteins such as fibronectin and vitronectin which are present in serum are known to
mediate cell adhesion. Other demonstrations of selective adhesion (Matsuda et al., 1992,
Stenger et al., 1992) have used serum-supplemented media as well; nevertheless, this
parameter needs to be investigated further for its effects on selective adhesion in our
system.

Similar selective adhesion to that obtained in this study has been obtained by
Matsuda et al. (1992) for neurocircuit applications by mediating endothelial cell

attachment to a collagen-coated substrate. However, the process requires an incubation

60



period to obtain adsorption of collagen to nonionic hydrophobic sites as opposed to the
process we have developed which requires less processing time and facilitates collagen
adsorption to hydrophilic sites. Matsuda et al. (1992) did not quantitatively investigated
morphology or sustained cell function in the patterned configuration. Furthermore,
endothelial cells, which divide in culture, are utilized for the selective adhesion process and
hepatocytes, which do not divide in culture, may respond to the substrates differently.

Some studies have reported selective cell adhesion of other cell types without the
use of collagen coatings (Britland et al., 1992, Harris, 1973, and Stenger et al., 1992).
However, hepatocytes, as anchorage-dependent cells, must attach and spread to function.
Therefore, projected surface area, as a measure of cell spreading, was investigated after a
washing step and 24 hours of culture on the various coated substrata. It is interesting to
note that unwashed cells seeded on NAS displayed multicellular spheroid formation typical
of that found in nonadherent environments (data not shown) (Koide et al, 1990). In
general, cells seeded on collagen coated AS spread significantly more than cells on other
surfaces and displayed the characteristic polygonal morphology. Studies on PSA in
sandwich cultures and on dried collagen coatings (1 ng/cm®) have shown a PSA of
approximately 1500 um’ corresponds with phenotypic protein production in hepatocytes
(Mooney et al., 1992, Rotem et al., 1992). Thus, hepatocytes on the collagen-coated AS
which spread to approximately 1250 um® are more likely to display sustained
differentiated function than hepatocytes seeded on AS and NAS with any of the other
coatings. For example, cells seeded on PL-coated AS remained rounded in this study
suggesting a less compatible surface for preserving differentiated function. In contrast,
Ben-Ze'ev et al. (1988) found that cells seeded on PL coated tissue culture plastic spread
as much as those seeded on a collagen I coating. Since the coating concentration and

data were not reported in their study, it is unclear whether the underlying tissue culture

plastic may have mediated this effect.
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Other investigators have examined hepatocyte interaction with a collagen coating
of various concentrations in terms of spreading and function. Qur PSA values can be
compared to other studies based on an estimation of coating concentration. Spin-coating
of a 0.1 mg/ml collagen I solution of approximate viscosity 0.008 centipoise at 500 rpm
for 25 s should yield a film of less than 3.5 um thickness 2 (Elliott, 1989). Given that the
AS is approximately 46% of a 5.08 cm diameter disk, this corresponds to a coating
concentration of less than 35 ng /cm’. Furthermore, Rubin et al. (1981) correlated added
collagen o, (I) chains to bound chains in this regime and found approximately 40% of the
protein bound to a tissue culture dish. This corresponds to a bound protein concentration
on the order of less than 14 ng /cm’®. Mooney et al. (1992) reported a PSA of
approximately 1500 um’ for a coating concentration of 1 ng/cm’ which correlates well
with the PSA measured in this study at approximately 1250 um’®. This comparison is the
result of a number of approximations because direct measurements of adsorbed collagen
concentration were not performed. Immunochemical fluorescent staining was
unsuccessfully attempted as a method of quantifying this parameter. Ultimately,
radiolabelled protein should be employed in the quantification of the surface collagen
concentration.

The literature has conflicting reports on the effect of varying surface coating
concentration on spreading on collagen IV: Bissell et al. (1986) report a saturation effect
of spreading at approximately 50 ng/cm’ bound collagen IV whereas Mooney et al.
(1992) report an increase in PSA of 2.7 fold between 1 and 50 ng/cm’® of coated collagen
IV and a 1.8 fold increase between 50 and 1000 ng/cm’ of coated collagen IV. In this
study, PSA was not found to vary significantly over almost 3 decades of coating
concentration. If it is assumed that there is a saturation of spreading as a function of

coating concentration, our data suggests either the curve saturates at much lower

2 Assuming a kinematic viscosity close to water at room temperature of 8 centistokes, a spin-coat speed of
500 rpm and extrapolation from Figure 6.6 in_Integrated Circuit Fabrication Technology (Elliott, 1989).
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concentrations for collagen I than it does for collagen IV, or the curve saturates at high
concentrations but our variations span a relatively flat domain.

In addition to variations in PSA seen on different dried collagen coatings,
hepatocytes respond differently to the rigidity of the substrate in terms of gene expression
and cell differentiation (Ben-Ze'ev et al., 1988, and Keese and Giaver, 1991). Reports of
sustained differentiated function are predominantly correlated with gel cultures: sandwich
gel configuration (Dunn et al., 1991), a high hepatocyte density on a single layer of
collagen gel (Ben-Ze'ev et al., 1988), and the tumor derived Engelbreth-Holm-Swarm gel
(Bissell et al., 1987). In this study, dried collagen was utilized rather than a gel for
practical reasons associated with building the ultimate device. In the eventual assembly of
a microchannel device, the influence of a rigid sandwich will be important. Dunn et al.
(1991) suggest that a rigid underlying substratum with a gel overlay preserves hepatocyte
differentiation as well as the sandwich culture containing collagen gel on both surfaces.
Furthermore, data presented in this study showed stable albumin synthesis for an
underlying dry collagen I coating with a gel overlay (Figure 2.19). 1t is still unclear
whether a rigid sandwich will perform as well as the half-gel sandwich systems,

- nevertheless this investigation is beyond the scope of this work and was reserved for
investigation in future studies.

Substrate rigidity and varying concentrations of extracellular matrix molecules
clearly play a role in cell differentiation and function. In addition, the importance of
extracellular matrix components is well-documented in the literature (Hughes and
Stamatglou, 1987, Sawada et al., 1986). Evidence exists that suggests that hepatocyte
differentiation as in the sandwich configuration is a byproduct of the physical construct of
the sandwich system as opposed to its chemical composition which appears to regulate
cell differentiation in the case of EHS single gel cultures. For example, albumin secretion
by hepatocytes has been determined to be dependent on proline (Lee et al., 1992).

Proline, an amino acid, is an important component of collagen and its depletion may
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inhibit the secretion of extracellular matrix proteins by hepatocytes. Therefore, the
maintenance of albumin secretion by hepatocytes in a sandwich configuration may be
linked to the necessity of a continual refabrication of the extracellular matrix by the
hepatocytes but not the composition of the physical structure itself. Thus, the
preservation of albumin secretion in sandwich cultures may be due to a physical
orientation of the hepatocytes rather than being a result of the chemical composition of the
gel matrix.  Additional evidence that the polarity and subsequent differentiation of the
cells may be a result of a physical construct is our examination of the composition of the
gel matrix. The concentration of a single component of the sandwich, collagen I gel, was
varied from 0.5 to 3 mg/ml and no significant variations in albumin synthesis were noted.
This suggests that the physical configuration of a sandwich may influence phenotypic
hepatocyte behavior by 2 mechanism independent of molecular composition. It therefore
seems possible that a rigid sandwich culture could preserve hepatocyte differentiation as
well as a malleable gel sandwich. On the other hand, collagen gel sandwiches of lower
concentrations could not be investigated due to the instability of the collagen I gel at less
than 0.4 mg/ml; therefore, lower concentrations of collagen in a gel structure may have
had some effect on albumin secretion.

In summary, the data presented show that a process for reproducible selective
adhesion of hepatocytes has been developed. The extent of spreading and albumin
secretion of hepatocytes on the adhesive surface correlate well with other studies on
primary differentiated hepatocytes. In addition, there is some indication that in a rigid
sandwich configuration, as would exist in a micropatterned device, hepatocytes will
maintain their phenotypic expression. This process can now be applied to the further
development of a micropatterned device which allow for long-term maintenance of

differentiated functions, shear stress and viscous pressure drop near physiological levels,

and efficient mass transport.
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CHAPTER 111

MODEL OF OXYGEN DISTRIBUTION AND
VISCOUS PRESSURE DROP IN
MICROCHANNELS

3.1. Introduction

The liver consumes 20-33% of the body's oxygen at basal conditions (Campra and
Reynolds, 1988). Hepatocytes, comprising 75 % of the liver (by volume), are known to
have a high metabolic rate; therefore, oxygen limitations in any bioreactor configuration
utilizing these cells is of primary importance to the development of liver support devices
(Yarmush et al., 1992B). In microchannels, proposed in our micropatterned device (see
Figure 1.3), cells are continually taking up oxygen on both sides of every channel while the
oxygen supply is limited by the flow rate of the incoming fluid. The achievable length of
the channel for a given oxygen uptake rate by hepatocytes is therefore related to the flow

- rate. Increasing the flow rate will increase the achievable channel length; however,
excessive shear stresses at the cell surface and viscous pressure drop along the channel
will occur at high flow rates. Therefore, the optimization of the channel length and the
flow rate must consider limitations due to both oxygen delivery and pressure drop. In this
study, in vivo design constraints for the oxygen distribution and pressure drop are used to

approximate characteristic dimensions for the design of the micropatterned device and the

appropriate range of operating conditions.
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3.2. Model for Oxygen Distribution

Figure 3.1A illustrates a side view of a typical microchannel and Figure 3.1B
depicts the same channel from the top. Hepatocytes are assumed to be arranged in
confluent arrays on either side of the channel. The channel height is dictated by the cells
lining the periphery. Typical dimensions for channel width and height are also shown in
Figure 3.1. Channel width is dependent on the pre-determined micropattern dimensions
but remains fixed for a given channel .

Assuming that the velocity profile is fully developed, laminar plug flow traveling
at the mean fluid velocity with negligible axial diffusion of oxygen, and that hepatocytes
are modeled as a confluent array of cells which account for a constant oxygen uptake rate
at the cell surface, the oxygen transport in the liquid flowing along the channel can be
modeled as a combination of axial convection and radial diffusion. The dimensionless
transport equation describing the oxygen distribution is as follows:

0¢ 0% ¢

= 3.1
3% 9y G

where C is the dimensionless oxygen concentration, X is the dimensionless axial

coordinate and ¥ is the dimensionless radial coordinate. The boundary conditions are:

afzo at §=0 (3.2)
oy
¢=0 at X=0 (3.3)
o¢ _ VppD, .~ L

=— =R at =— 3.4
5y Dg ’~ Db, 4

where V,_ is the maximal oxygen uptake rate, p is the cell density, D, is the hydraulic

diameter, D is the diffusivity of oxygen in liquid, and c, is the inlet oxygen concentration.
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Figure 3.1. Illustration of a typical microchanel. A. Side view. B. Top view.
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Equation (3.2) describes a symmetrical gradient about the center of the channel, Equation
(3.3) describes an inlet oxygen concentration at the channel entrance, and Equation (3.4)
describes a constant oxygen flux, R, at the cell surface. This last expression is a

simplification of the Michaelis-Menten model of oxygen uptake rate:

V pP
V= __l_p__‘_)z_ (3.5)
K, +P,
where V is the local oxygen uptake rate, P, is partial pressure of oxygen (proportional
to concentration) and K is the P, corresponding to half-maximal oxygen uptake rate.
At partial pressures significantly greater than K_ the expression can be approximated by
pV_ as in Equation (3.4).
The dimensionless variables are defined as follows:
X .~y
§=—= (3.6)
D, Pe D,

where x is non-dimensionalized with respect to hydraulic diameter (Dy,) and Peclet

X =

number (Pe). The inclusion of the dimensionless Pe number, a measure of the relative
- magnitude of convective and diffusive effects, allows one to neglect axial diffusion for
large Pe numbers. y is non-dimensionalized solely with respect to hydraulic diameter
because no radial convective term exists in the axial mass transfer equation . In addition,

oxygen concentration and fluid velocity are non-dimensionalized as follows:

. C—C .~ U

c= u=— 3.7
C; Un

where oxygen concentration is non-dimensionalized such that its inlet value is O by

subtracting inlet oxygen concentration from ¢ prior to normalizing with respect to inlet

concentration. Velocity, u , was normalized with respect to mean velocity. Because the

model approximates the velocity profile as a constant at the mean velocity, u_ ,{
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becomes 1 and therefore drops out of the transport equation. Finally, Peclet number and

hydraulic diameter are defined below:

D, 4A _ 2wh
Dy = P w+h

Pe = Re * S¢ = -0 (3.8)

A isthe cross-sectional channel area, P is the channel perimeter, w is the channel width, h

is the channel height, Re (= D Um ) is the Reynolds number and Sc (= —I\)i) is the

Schmidt number where v is the kinematic vicosity. The analytical solution of Equations

(3.1)to (3.4) 1s (Carslaw et al., 1960):

. 5‘{ 392 _ LZ L © _ln nz ,;2;‘ nTCS}
C=R{| —+—— — ' cos— | 3.9

The partial pressure of oxygen can then be determined from the concentration and the

solubility of oxygen in the liquid, k, as follows:
Py =— (3.10)

Constants used in the solution of Equation (3.9) are summarized in Table 3.1.

Table 3.1 Constants used in the solution of the transport equations

SYMBOL DESCRIPTION VALUE
Ci initial O,concentration 71.4 nmol/ml

D diffusivity of O, in liquid 2% 105em2/s 1

k solubility of O in liquid 1.19 nmol/ ml/ mm Hg 2

Sc Schmidt number 350
viscosity of media at 37°C 0.007 g/cm/s 3
maximal oxygen uptake rate 36 nmol/s/ 10° cells

=
B<

I(Yarmush et al., 1992A)
2 ibid.

3 (van Kooten et al., 1992)
4(Rotem ¢t al., 1992)
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3.3. Model of Viscous Pressure Drop

Assuming that rectangular channel flow between two confluent layers of hepatocytes can
be approximated by fully developed, laminar parallel-plate flow, as shown in Figure 3.1,
the Navier-Stokes equation describes the momentum transport in the channels as follows:
oP d’u
-+

el 3.11
ox “azf G.1D)

0=

where P is the hydrostatic pressure, p is the viscosity of the fluid, u is the fluid velocity, x

is the axial coordinate, and z is the vertical coordinate. The boundary conditions are:

u=90 at z=0 (3.12)
95:0 at z=h/2 (3.13)
oz

where h is channel height. Equation (3.12) describes the no-slip condition at the channel
wall and Equation (3.13) describes a symmetrical velocity gradient about the center of the

channel. Integrating Equation (3.11) yields an expression for the velocity profile:

dP 1
u=-————(hy-y’) (3.14)
dx 2p
Integrating the velocity profile over the channel height and multiplying by width yields
flow rate:
dP ’w
=—— (3.15)
dx 12p

Finally, replacing dP/dx with AP/L, results in the following expression for total pressure

drop:
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Apzlz_&_% (3.16)
w h’

The aforementioned solution is valid for a one-dimensional velocity profile in the z-
direction, however, due to the shape of the channel a smaller velocity gradient exists in the
y-direction as well. This is the gradient responsible for shear forces at the cell surface.
The series solution to the two-dimensional velocity profile is

(White, 1974):

18Q 3 (-1~

j=1.3.5,..

[1 __cosh(jmy /h) Jcos (jmz/h)

cosh(jnw / 2h) 53

(3.17)

u(z,y)=

Swh 1_195_2h 5 tanh(n't;v/:zh)
TW j=135. 1

where z is the vertical coordinate and y is the axial coordinate. The shear stress at the cell

surface is therefore described by:

du
T=p—

oy

(3.18)

y=w/2
where T is the shear stress at the cell surface and gu; can be approximated by the slope of

the velocity profile at the cell surface.
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3.4. Results

The maximum allowable channel length with no oxygen limitations to hepatocytes (i.e.,
critical length) was calculated using the oxygen distribution model. In the calculations, the
inlet partial pressure was defined as 60 mm Hg (de Groot et al., 1988), and the lower
limit of acceptable oxygen partial pressure as 5 mm Hg (10 x Km). The channel length
where this partial pressure was achieved was mathematically defined as the critical channel
length, L,. The effect of various flow rates and channel geometries on the critical channel
length was then investigated. Figure 3.2A displays the effect of flow rate on oxygen
concentration along the center of the channel. As expected, increasing flow rates
(proportional to Pe) resulted in proportional increases in critical channel length. In
comparison, Figure 3.2B displays the oxygen distribution along the cell surface. Because
of the two-dimensional gradient (i.e. oxygen profile in the radial direction), critical length
defined at the cell surface is actually smaller than that at the center of the channel,
although the flow rate dependence shows a similar trend. Further calculations utilized
critical length defined by the partial pressure of oxygen at the cell surface because it is the
more relevant parameter.

The influence of channel geometry on critical channel length was also investigated
as shown in Figure 3.3. The sensitivity of L_ to height variations is relevant because this
dimension will actually be dictated by the cell height. In the microchannel system, typical
estimated values for channel height range between 5 and 10 um. Figure 3.3A shows that a
100% decrease in height resulted only in a 13% decrease in L_. Furthermore, variations in
channel width (Figure 3.3B) produced even smaller changes in critical length.

In order to characterize the limitations imposed on the micropatterned device by
the hydrostatic pressure drop, Equation (3.16) was solved using typical in vivo values.
Hydrostatic pressure has been measured in vivo between 10 and 0 mm Hg (Nakata et al.,

1960). By limiting the viscous pressure drop to 10 mm Hg, Equation (3.16) was used to
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Figure 3.2. Results of oxygen distribution model. Effect of flow rate (proportional to Pe)
on oxygen concentration at A. the center of channel and B. at cell surface. Channel

dimensions are 100 pm x 10 um.
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generate a relationship between the flow rate and the critical length (Figure 3.4).
Combining the opposing limitations of hydrostatic pressure drop and oxygen
concentration on the critical channel length and flow rate resulted in a limited set of
operating constraints (Figure 3.5). The longest achievable channel length taking oxygen
and pressure drop limitations into account was approximately 0.7 cm with an
accompanying flow rate of approximately 2.2 x 10 ml/sin a 100 um x 10 pm channel.
Furthermore, to assure that the flow rate of 2.2 x 107 ml/s will not result in
deleterious shear stresses (Horbett et al., 1988, Truskey and Pirone, 1990, Kooten et al.,
1992), Equation (3.18) was used to estimate the shear stress in a typical microchannel.

Results showed that typical shear stresses for the flow in the range of 5-10 dynes/cm’.

3.5. Discussion

A critical feature of the liver is its mass transport efficiency. Its geometric
configuration enables the exchange of molecules in the perfused blood directly with every
- parenchymal cell. Our approach to ensuring efficiency of mass transport and prolonged
in vitro cell differentiation is to build a micropatterned device. An assembly of typical
microchannels would form a single plate in a multi-plate extracorporeal liver support
device. The viability and differentiated function of the hepatocytes in such a device are
essential to its successful operation; therefore, the supply of oxygen and the exposure to
fluid stresses must be satisfactorily understood. This study analyzed the mass transfer and
fluid dynamics of a typical microchannel and used this knowledge to estimate the
approximate channel dimensions.

The mathematical models utilized in obtaining the operating conditions shown in

Figure 3.5 required a number of assumptions. Oxygen uptake rate is treated as a constant

at the maximal level (V) in Equation (3.4) whereas more accurate modeling should
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Figure 3.4. Results of viscous pressure drop model. Effect of increasing allowable viscous
pressure drop from 10 mm Hg to 50 mm Hg.
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Figure 3.5 Combined operating conditions dictated by oxygen distribution and viscous
pressure drop model. Channel dimensions are 100 pm x 10 um. Viscous pressure drop is
10 mm Hg, inlet oxygen concentration is 60 mm Hg, and critical channel length is 5 mm
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incorporate a Michaelis-Menten type of kinetics as specified in Equation (3.5). The

unknown parameters Vy, and K, have been experimentally determined in isolated and
cultured cells (de Groot et al., 1988; Rotem et al., 1992 ). In our microchannel system,
where oxygen delivery should be maintained above the K of the cells to prevent hypoxia
and necrosis, the oxygen limitations on the uptake kinetics can be neglected. Since the

K, of cultured cells is relatively low, 0.5 mm Hg, saturation occurs at very low oxygen
partial pressures and it is therefore reasonable to approximate the oxygen uptake rate by a
constant for a Pp_greater than 10 x Ky, or 5 mm Hg.

Furthermore, the oxygen uptake rate model at the cell surface neglects any
intracellular oxygen gradients. Rigorously, there are oxygen concentration variations on
several length scales: the larger scale with dimensions on the order of cell diameter, and
the smaller intracellular scale of variation associated with mitochondrial uptake (Clark and
Clark, 1985). Since mitochondria are the true oxygen sinks, large gradients exist between
the cell surface and the mitochondrial membrane. In addition, mitochondria are not
randomly dispersed in the cytoplasm as one might expect, rather Jones (1984) reported
on intracellular mitochondrial clustering with each cluster behaving like a larger oxygen
sink. The variations in intracellular oxygen occur on the order of 2 um (Jones, 1984);
however, we are interested in the macroscopic delivery of oxygen to a population of cells
along a channel with dimensions on the order of cm. Therefore, focusing on the larger
scale variations of oxygen in the bulk fluid, as in our model, seems reasonable.

Our problem formulation also assumes confluent hepatocytes, implying the
existence of a completely flat and smooth channel wall. This will not be the case in the
proposed micropatterned device because the channel wall is composed of a series of
spread cells with different geometries. There may be regions of reduced flow flow
separation regions producing areas of less efficient transport. Since our interests lie in the
lower bound on acceptable channel lengths, corresponding to the largest possible oxygen

uptake in a microchannel device, overestimating oxygen uptake rate seems justified.
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The oxygen distribution model also includes a number of approximations to the
velocity profile and mass transport in the perfused fluid. In terms of mass transport, the
axial diffusion is neglected. This approximations holds for large Pe where the axial
coordinate is non-dimensionalized with Pe and therefore the convective term dominates by
a factor of Pe. It should be noted that convective terms are dependent on 1/Pe whereas
diffusive terms are related to 1/ Pe”. The velocity profile is approximated as plug flow
(flat velocity profile) with the value of the mean velocity to allow for the use of an
analytical solution. Parameter variation can be readily examined with the use of such a
simple, closed-loop solution. Finite difference (or other numerical) solutions can be
performed for increased accuracy at the expense of lengthier computations. In addition,
the velocity profile is assumed to be fully developed laminar flow with a constant fluid
viscosity. Reynolds numbers are much less than one, therefore the flow is laminar. Fluid
viscosity is assumed to be equivalent to that of tissue culture media at 37° C (van Kooten
et al, 1992). Perfusing the microchannel with alternative fluids, will require manipulation
of this constant. The fully developed approximation is analogous to neglecting the
entrance length. Fay (1992), defines a laminar momentum entrance length as 0.063 x Re x
- D,. The Schmidt number, a measure of the relative boundary layer thickness of
momentum and mass transfer, is high (350); therefore, the momentum entrance effects
dominate over the mass transport effects and the entrance length can be approximated as
the momentum entrance length. A range of reasonable Reynolds numbers yield negligible
momentum entrance lengths on the order of a few microns (i.e. less than a single cell).

In fully developed channel flow, the pressure gradient is a constant and the
pressure drop is approximated by Equation (3.16). A more precise two-dimensional
infinite series approximation can be found in White (1974); however, this expression
yields minimal increased accuracy. The motivation for estimating the viscous pressure
drop is the existence of a hydrostatic pressure drop (i.e. the blood pressure) in vivo. The

possible effects of elevated hepatic vein pressures on liver function and structure have
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been explored (Brauer et al., 1959) . In our microchannel system, hydrostatic pressure
drop should be, at first, limited to physiological levels (10 mm Hg). After building the
device, one can experimentally investigate whether this constraint can be relaxed.

Utilizing some reasonable approximations, and the flow rate and channel length
obtained in Figure 3.5, a number of calculations can be performed to assess the feasibility
of scale-up of a microchannel device. Asonuma et al. (1992 ), determined that as little as
12% (by weight) of the rat liver is sufficient for liver support of the animal. Therefore,
assuming a cell diameter of approximately 40 um, a channel length of 0.7 cm, and the
necessity of 60 million cells per device (approximately 10% of the parenchymal cells in a
200g rat), a value of 350,000 channels per device is obtained. If one assumes each plate
of the eventual device to be 20 cm wide, this would translate to 300 plates per device.
Furthermore, the dead volume associated with such a device would be 2.5 ml with a
device flow rate of 0.77 ml/s and a shear stress of 5-10 dynes/cm’. These values seem
reasonable in terms of practical implementation.

Finally, comparisons between the device flow rate and channel length to the in
vivo sinusoidal volume flow rate and sinusoidal length can be made. A channel length of
0.7 cm favorable compares to the in vivo length of the rat sinusoid of approximately 0.04
cm while remaining within one order of magnitude (Yamamoto et al., 1985) . Similarly,
for in vivo sinusoidal diameters of the order of the hydraulic diameter utilized in our
calculations, volumetric flow rates have been measured to be approximately 0.1 x 107
ml/s as compared to microchannel flow rates of 2.2 x107° ml/s (Koo et al., 1975).
Therefore, flow rates are also maintained within one order of magnitude of in vivo values.

A comparison of micropatterning with several alternative bioartificial liver support
technologies is shown in Table 3.2. Various approaches are evaluated on the basis of dead
volume, diffusion path length, and perfusion path length. Dead volume is the fluid
volume associated with a rat liver support device (excluding the volume of inlet and outlet

lines) consisting of 60 million cells. Diffusion path length is the typical path length of
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diffusion for a molecule being transported between the liquid phase and cell surface and
perfusion path length is the typical length of perfusion of the entire device. Hepatocyte
monolayer systems have large values associated with all of the aforementioned quantities,
whereas hollow fiber devices have only about 10% of that dead volume. A variety of
configurations have been utilized in hollow fiber-based support systems: extraluminal cell
seeding, extraluminal microcarrier-attached cell seeding, and intraluminal collagen-gel
entrapped cell seeding. Despite the relatively small dead volume, all of the hollow fiber
approaches have significant limitations. Both extraluminal seeding approaches suffer from
possible mass transport limitations due to the large diffusion and perfusion path lengths.
In addition, the transport is difficult to control due to the large variations in interfiber
distance and the difficulty in precisely controlling cell configuration with respect to the

fiber surface. Intraluminal cell seeding suffers from mass transport limitations due to the

Table 3.2 Critical Design Parameters in Various Bioreactor Designs

DEAD DIFFUSION PERFUSION
APPROACH VOLUME PATHLENGTH  PATH LENGTH
(ml) (um) (cm)
MICROPATTERNING! 1.3-2.5 25-50 0.5-0.7
MONOLAYERS? 75 500 10
MICROCARRIERS? 2.3 40 6
HOLLOW FIBERS* 5-7 400 10 - 20

! Assuming 100 pm x 10 pm x 0.7 cm or 50 pum x 10 pm x 0.5 cm channel and hepatocyte diameter is

40 pm.
2 Assuming liquid thickness of 1 mm and 100% confluency.
3 Assuming microcarrier diameter of 200 um, 100% confluency, perfect bead packing and cartridge

diameter of lcm.
4 Assuming cxtraluminal cell seeding, external fiber diameter of 760 um, 75 fibers per cartridge. internai

cartridge diamcter of 2 cm, and even distribution of fibers within the cartridge. In practice, the interfiber
distance and therefore the diffusion path length may vary greatly.
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enormous cell density within the fiber. Given the avid oxygen uptake of hepatocytes, the
cells in the center of the cell mass may suffer from hypoxia and necrosis. Evidence for this
exists in the literature for both extraluminal (Wolf et al., 1975) and intraluminal (Nyberg et
al., 1993) configurations. In contrast, microcarrier approaches have small diffusion path
lengths. However, the high cell density requires a large flow rate to supply adequate
nutrients to maintain cell viability. In a packed sphere configuration, this flow rate would
be associated with large shear stresses due to the small voids between the spheres.
Although this may be alleviated by increasing the cartridge diameter (and thereby reducing
the fluid velocity for a given flow rate), there is a practical upper limit on the ratio of
cartridge diameter to cartridge height because consistent perfusion is difficult to attain at
higher aspect ratios. Finally, evaluation of the micropatterning approach yields
reasonable values for dead volume (~ 2 ml), and diffusion (~35um) and perfusion (~0.6
cm) path lengths. This approach utilizes the surface area of every cell for efficient
transport with a small fluid volume and reasonable fluid dynamics while mimicking the
hepatocyte's in vivo geometrical configuration. Furthermore, the diffusion and perfusion
path lengths are independent variables dictated by the channel geometry and can be
decreased significantly.

In summary, modeling of the oxygen profile and viscous pressure drop in a typical
microchannel has been used to determine approximate channel dimensions and the
associated flow rates. The resulting channel length of 0.7 cm at a flow rate of 2.2 x 10°°

ml/s for a 100 um x 10 pm channel is reasonable in terms of practical implementation.
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CHAPTER IV

CONCLUSIONS AND OUTLOOK

4.1 Conclusions

This work was completed in the context of developing a novel technology for a
bioartificial liver. An experimental method was developed to obtain selective adhesion of
hepatocytes. This method will have applications in micropatterning hepatocytes. In
addition, a mathematical model was utilized to estimate a range of operating conditions
under which this device may operate. These parameters will be critical in the design and
construction of a micropatterned flow chamber.

The experimental portion of this work began by characterizing individual surface
coatings in terms of their hepatocyte-surface interaction. Urethane epoxy, a hydrophilic,
adhesive coating, mediated approximately 83% attachment! after immersion into a bath of
0.1 mg/ml collagen éolution. In contrast, a hydrophobic, perflourinated, non-adhesive
coating, had less than 4 % attachment. The differential adhesion was used to obtain large-
scale patterning of hepatocytes on a glass substrate. The processing technique chosen
was a spin-coating method utilizing a 0.1 mg/ ml collagen solution for 25 seconds of
spinning at 500 rpm. This technique provided selective adsorption of collagen to the
adhesive surface. Furthermore, hepatocytes adhesion correlated with the preferential
collagen adsorption to the adhesive surface. Hepatocytes displayed the typical polygonal,
multi-nucleated morphology. When overlayed with a top layer of collagen gel to mimic
sandwich culture, albumin secretion was comparable to that produced by a stable,
differentiated sandwich culture.

The modeling portion of this work focused on the oxygen uptake of hepatocytes,

which are known to have a high metabolic rate, and the viscous pressure drop along the

1 Attachment is defined as (cells adhered to a treated surface/ cells adhered to a collagen gel)
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channel. The oxygen distribution as a function of flow rate and distance along a perfused
microchannel was approximated. Critical channel length was defined at the point at which
the oxygen concentration reached 5 mm Hg at the cell surface. The radial gradient (from
the center to the cell surface) was found to be significant in terms of defining a critical
length of the channel. In addition, changes in channel geometry by factors of 2 had very
little effect on critical length. Since channel height ultimately is a function of the variable
parameter, cell height, the latter result is encouraging. Similarly, by limiting the viscous
pressure drop to the blood pressure drop across the liver in vivo, another range of channel
length and corresponding flow rates can be approximated. In this case, critical channel
length is defined at the axial distance at which 10 mm Hg viscous pressure drop occurs.
The combination of both sets of operating constraints allowed the determination of an
optimal channel length of 0.7 cm with a flow rate of 2.2 x 10 ml/s for a channel
geometry of 100 um x 10 um. These values are reasonable in terms of practical
implementation and can be utilized in the design of a micropatterned flow chamber.

In conclusion, experimental and mathematical methods have been utilized to

further the development of a micropatterned, hepatocyte-based device.

4.2 Future Directions

A number of issues are associated with the design and construction of a micropatterned
device. First, quantitation of the amount of adsorbed collagen associated with this
technique, and the determination of the stability of the layer, are important for further
characterization of the system. More importantly, the spin-coating process will be applied
to the creation of micropatterns, or rows of hepatocytes on the order of 50-100 pm wide.
Optimization of the dimensions of these patterns with respect to cell function may be
performed due to the fact that the degree of cell-cell interaction (more on wider patterns)
may be important in this respect. Furthermore, if these cells are to be sandwiched in a

device, cell height as a function of time must be investigated. Hepatocytes spread
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markedly over the first 24 hours, and if the spreading is to be arrested at a certain height,
the time-dependence of this process must be elucidated. In addition, hepatocytes may not
need two patterned surfaces to maintain the microchannel geometry. The importance of a
patterned top layer is critical information; if an entirely adhesive top surface can be
utilized, as opposed to a patterned one, technical issues associated with alignment will be
simplified. The creation of the flow chamber itself will be done by screen printing a

~10 pm spacer around the periphery of the micropatterned surface. The loading of this
device may involve seeding cells, allowing them to spread for some known time, and then
compacting the device to the height of the spacer, expelling excess fluid and unattached
cells.

After the construction of a micropatterned device is complete, many basic science
questions can be answered. The mathematical model of oxygen distribution can be
examined using optical oxygen sensors or vital dyes. The effect of various spatial
gradients on hepatocyte heterogeneity, as related to that seen in vivo can be investigated.
Gradients along the channel could easily be reversed by reversing the direction of flow.
This would be useful in examining the induction of heterogeneity in hepatocytes along the
* channel. In addition, the geometry of the liver lobule could be mimicked more closely by
creating a circular pattern with radial channels. This could be useful in investigating the
effect of varying shear stresses along a channel. Finally, scale-up of the device could be
performed. By seeding approximately 60 million cells, the effect of the device in a rat
liver failure model or the effects of a regenerating liver on the micropatterned hepatocytes
could be investiagted. Clearly, the creation of such a device has a great potential to

answer many basic science questions as well as the potential to be a novel technology for

bioartificial liver support.
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